Background: The outcomes of acute severe ulcerative colitis [ASUC] appear to be dependent on early intervention with the first and/or further infliximab [IFX] doses, although parameters to guide decision-making remain uncertain. Aim: To assess whether serum/faecal IFX levels and inflammatory biomarkers early after IFX dose can predict ASUC outcomes. (OR 20.2 [1.01, 404], each P < 0.05), FC AUC d1-3 < 10 000 µg/ml [OR 13.6 [0.6, 294], trend only, p = 0.09) were each associated with clinical and CRP remission [6 weeks]. Conclusions: In ASUC, post-first dose IFX, early assessment of serum/faecal IFX, calprotectin and PM scores can accurately predict future remission and colectomy, and thus potentially aid in decision-making, i.e. accelerated IFX dosing or surgical planning if/when needed.
Introduction
Infliximab [IFX] rescue therapy for patients with acute severe ulcerative colitis [ASUC] refractory to intravenous steroids is now standard-of-care in centres worldwide, with demonstrated efficacy in inducing remission, 1 reducing rates of colectomy, 2 and preventing future healthcare utilization and morbidity. 3, 4 Yet it remains uncertain as to the optimal dosage and timing of IFX doses in this setting, and whether accelerated regimens or higher IFX doses actually improve outcomes. Notably, the dosage of 5 mg/kg and timing at Weeks 0, 2 and 6 of IFX have never been directly evaluated by a randomized, controlled trial for ASUC specifically, but rather this regimen was extrapolated from the IFX registration trials in Crohn's disease and chronic, moderate-to-severe ulcerative colitis. [5] [6] [7] Moreover, if indeed recently promulgated accelerated IFX regimens are more effective, 8 it remains unclear as to the most appropriate indices upon which to base the decision to give IFX earlier and/or at high doses. 9 Currently, this decision-making appears somewhat ad hoc, based on a composite of clinical symptom assessment and/or serum biomarkers such as C-reactive protein [CRP] and albumin, but this is not entirely objective nor evidence-based. 10, 11 Even the decision to proceed to colectomy after IFX appears to be variable and based on many subjective factors. [12] [13] [14] This raises the possibility that some patients with ASUC could be treated unnecessarily with extra doses of IFX [with the attendant increased costs and potential adverse effects] whilst others are directed unnecessarily, or at least prematurely, towards emergent colectomy [with its potential complications and morbidity].
Hitherto, multiple studies have elucidated markers at baseline predictive of a high risk of colectomy, thus prompting initiation of IFX rescue therapy within the first few days of admission for ASUC, which is now standard practice. [15] [16] [17] However, another critical aspect of the clinical decision-making in ASUC is assessing response following the first dose of IFX and whether a second, accelerated or higher dose [s] of IFX should be applied in patients with an inadequate response to the first dose. Hence, there is an urgent unmet need to characterize objective markers which can, as early as possible, reliably and reproducibly predict future outcomes following treatment with IFX rescue therapy for ASUC.
Therefore, in this prospective pilot study, we aimed to assess relationships between, and the predictive capability of, early measurement of serum IFX levels and inflammatory biomarkers after the first IFX dose with reference to future outcomes, including clinical outcomes, biochemical remission and colectomy, in patients with ASUC.
Methods

Study design and recruitment
This prospective, pilot 'real-world' study consecutively recruited consenting patients at least 18 years of age admitted with ASUC, as per modified Truelove-Witts criteria, 18 between June 2013 and June 2015 inclusive. All patients were deemed by their treating clinicians to have not responded adequately to 400 mg/day intravenous [IV] hydrocortisone at or after the third day of admission as per Oxford criteria. 17 All patients then received either one, two or three doses of IFX [5 mg/kg IV per dose] as rescue therapy with the timing and number of IFX doses at the discretion of the treating clinician rather than following a protocol. 
Clinical assessment
Biomarker assessment
All laboratory tests were measured on a daily basis, at a similar time of the morning wherever possible, from baseline (prior to but on the same day of the first IFX dose [denoted 'Day 0']) until the day of discharge inclusive, then at Days 7, 14, 28 and 42 post-first dose IFX after the patient was discharged.
Serum IFX drug levels were measured by an enzyme-linked immunosorbent assay [ELISA; QS-INFLIXI, Matriks Biotek] as per the manufacturer's instructions and faecal calprotectin [FC] ] concentrations were also measured by ELISA [Buhlmann] as per the manufacturer's instructions. Faecal IFX was also measured in the same IFX assay using the faecal extracts prepared for the calprotectin assay. Since both IFX and calprotectin assays were performed in batches [serum and faeces were stored at −20°C], the results did not influence clinical decision-making. Other tests performed by the study hospital laboratories as per standard institutional protocols included serum CRP, serum albumin, plasma haemoglobin and platelet count.
Study end points
The primary end point for this study was met if a serum CRP ≤3 mg/l and clinical remission was achieved at or before Day 42 [i.e. at the end of 6 weeks ± 5 days, allowing for variability of patients attending infusions or study visits]. The secondary end points for the study were: [1] The predictive capacity of each biomarker as measured above was also compared to two current predictive indices, the Travis criteria 17 and Ho 19 score, where a high score in each case was attributed at Day 3 of admission as previously described [Day 0 pre-IFX here]. 20 
Statistical analysis
All data were analysed using IBM-SPSS version 20 and/or GraphPad PRISM version 6.0 software. Data were deemed to be non-parametric according to the Shapiro-Wilk test [p < 0.05] and thus continuous data were compared with medians and Mann-Whitney tests were applied. Categorical data were presented as proportions and compared using Fisher's exact test. A p value of ≤0.05 was deemed to be significant throughout this study.
To assess the predictive ability of early biomarkers to achieve the primary and secondary end points, receiver-operator curves [ROCs] were produced and the optimal cut-off values were elucidated. To verify the ROCs, the area-under-curve [AUC] was calculated via the trapezoid rule and selected given that the concept of drug exposure [i.e. serum concentration over time] appears an important determinant of drug response. Similarly, the inflammatory marker response to IFX and the relevance of inflammatory burden in ASUC were conceptually well represented by AUC over several days. Therefore, AUC calculations were applied across all biomarkers post-first dose IFX instead of other options such as 'spot' measures, absolute differences or the gradient of changes in biomarker concentrations, which were preliminarily tested. The AUC calculations applied for each biomarker were for both AUC d1-3 [referring to AUC concentration over Days 1-3 post-first dose of IFX] and AUC d4-7 [for AUC for Days 4-7 post-first dose of IFX [see Figure 1 ].
Cut-off values for each ROC were chosen in a systematic manner so as to achieve in order of the following priority [highest to lowest]: [1] highest sensitivity, [2] same or similar cut-off value for a variable as derived for the primary end point and [3] highest specificity.
Subsequently, multivariate logistic regression analyses were performed to assess factors associated with the primary and secondary end points. This appeared to represent the best fit for these data, especially given the small sample size of the study with variables dichotomized where practicable, according to standard, previously published or ROCderived cut-off values. Initially, bivariate analyses were performed, represented as odds ratios [ORs] Finally, subgroup analyses assessing scatterplots and correlations between serum IFX levels and other biomarkers were performed to further elucidate potentially important relationships between these factors of clinical relevance.
Ethics approval
The study was approved by the respective Alfred Health and Eastern Health Human Research Ethics Committees at each study site with each subject providing written, informed consent prior to participation in the study.
Results
Overall patient characteristics
Twenty-four consecutive patients who presented with ASUC [16 at The Alfred and eight at Eastern Health] and required IFX rescue therapy consented to be included and completed the study. After admission, all participants had failed IV steroids at Day 3 of admission.
At both the initial and the third day of admission, each participant met Truelove-Witts criteria for the most severe category of colitis, 18 with a median of 15 [range 8, 30] bowel movements per day at baseline and eight [5, 16] on the third day of admission plus one or more of visible blood, tachycardia and/or pyrexia in each case. Hence, each was prescribed IFX at a dose of 5 mg/kg intravenously. Prior to IFX, endoscopic severity of colitis in all cases was rated either as moderate or severe [Mayo endoscopy score 2 or 3]. Further characteristics of the cohort are given in Table 1 
Optimal biomarker cut-off values predictive of response to IFX
At the selected cut-off values over the first 3 days after the initial IFX dose, the AUC of partial Mayo and FC levels predicted clinical and CRP remission at 6 weeks, each with a sensitivity of 90% [ROC AUC 0.80 and 0.79; each p < 0.05]. Furthermore, the AUC d4-7 post-IFX for each of serum IFX level, partial Mayo score and FC level predicted clinical and CRP remission at 6 weeks, each with a sensitivity of 100% [specificity ranging from 36 to 57%, ROC AUC ranging from 0.72 to 0.85; each p < 0.05] at the respective optimal ROC cut-off values. In comparison, serum CRP and albumin levels, and CRP/albumin ratio did not exhibit similar predictive accuracy, with non-significant ROCs for both AUC d1-3 and AUC d4-7 post-IFX. There was minimal or no gain in accuracy by combining biomarkers as composite markers in terms of predictive ability for any of the primary or secondary end points.
Furthermore, at similar cut-off values derived via ROC for the primary end point, serum IFX, partial Mayo score and FC levels [AUC d4-7 post-first IFX dose] were each able to predict 'clinical remission at 12 weeks' and 'colectomy' with sensitivities ranging from 89 to 100% [ROC AUCs ranging from 0.86 to 0.96, each p < 0.05] [ Table 2 ].
Finally, the sensitivities of AUC measurements [derived post-IFX as above] for serum IFX, partial Mayo score and FC consistently outperformed the sensitivities of Travis and Ho high-risk scores [derived pre-IFX] in relation to all three end points in this study, as shown in Table 2 .
Factors associated with clinical and CRP remission [6 weeks] and clinical remission [12 weeks] post-IFX
To ascertain factors potentially associated with, or predictive of, clinical and CRP remission at 6 weeks post-first dose of IFX, bivariate analyses were initially performed, as shown in Table 3 . Dichotomous cut-off values for relevant biomarker variables were assigned based on the cut-off values derived from the ROC analyses above [ Table 2 ].
Regarding the primary end point, those who did not receive a prolonged course of IV steroids prior to receiving IFX, nor had detectable faecal IFX levels [>1 µg/g at Day 1 post-first dose of IFX] and those with relatively lower FC and/or serum IFX levels were more likely to achieve remission at 6 weeks. Moreover, those with more extensive colitis or longer disease duration were more likely to achieve clinical remission at 12 weeks. Example graph [using faecal calprotectin, µg/ml] demonstrating the concentration-time curves used to derive AUC d1-3 and AUC d4-7 calculations in this study.
Concept of 'IFX refractoriness' in ASUC patients in this cohort
Given that elevated IFX levels [as per IFX AUC d4 -7 ] in this cohort were accurately predictive of negative outcomes, including non-remission at 6 and 12 weeks, and future colectomy with sensitivities of ≥90%, further exploration of the factors associated with higher IFX AUC d4-7 levels was performed. Based on Spearman's correlation analyses, the partial Mayo score and FC levels were each strongly correlated with higher IFX AUC d4-7 , as shown in Figure 2 . Furthermore, the duration of IV steroids administered pre-IFX [days] and the faecal IFX concentration [measured at Day 1 post-first IFX dose] were each strongly positively correlated with IFX AUC d4-7 , whereas the duration between the first and second IFX doses was inversely correlated [each p < 0.05].
Additionally, the three-dimensional scatterplots further illustrate the clustering of cases with a triumvirate of higher serum IFX and FC levels, and partial Mayo scores in association with adverse prognostic cofactors including those either subsequently receiving a colectomy and/or evidence for faecal loss of IFX [ Figure 3A , B]. Conversely, Figure 3C shows the clustering of those patients who achieved clinical and CRP remission at 6 weeks, with typically lower levels of serum IFX, FC and partial Mayo scores, again emphasizing the inter-relationship between these variables.
Discussion
Whereas the factors associated with poorer outcomes in ASUC at baseline [either pre-steroids or pre-IFX] have been well characterized, 15, 17 those factors immediately after the first dose of IFX that are potentially predictive of IFX-induced remission at 6 weeks have not been elucidated. The current prospective study of patients with strictly defined ASUC receiving IFX rescue therapy has addressed this issue in a real-world setting. Several key observations have been made that may inform clinical decision-making at this critical juncture.
First, early serial FC measurement is a more discriminative predictor of post-IFX outcomes than serum CRP or serum albumin, the foci of standard care. Previously, Kohn et al. 10 have shown that an elevated CRP at Days 3 and 7 post-IFX and Gibson et al. 11 found that a pre-IFX albumin level <22 g/l [with a trend to CRP/albumin ratio > 1.7] were associated with colectomy 2 and 3 months later, respectively. However, consistent with this study, Ho et al. demonstrated that baseline FC levels were higher in those who subsequently required colectomy and/or in IFX non-responders. 21 Secondly, the serial measurement of symptoms as per partial Mayo scores was of similar accuracy to FC in predicting clinical and CRP remission at 6 weeks, and the secondary end points. It is known that ASUC, acute severe ulcerative colitis; IV, intravenous; IFX, infliximab; CRP, C-reactive protein.
symptoms such as rectal bleeding and bowel frequency are strongly correlated with endoscopic activity and, to some extent, outcomes in active UC, 15, 22, 23 but perhaps the most important message to be gleaned here might be that stricter, daily recording and calculation of the partial Mayo score may help to objectify measurement of symptomatic response to treatment and better inform treatment decision-making. Based on ROC to achieve in order of priority: [1] highest sensitivity, [2] same or similar cutoff for variable as derived for primary end point, [3] highest specificity. 2 Sum of separate variables with corrections to standardize variables with serum infliximab levels as reference. 3 Only statistically significant [or trending to significant, i.e. p < 0.10] variables shown for the secondary end points. Thirdly, this study suggests that measuring the area under the time-concentration curves of biomarkers over the first 1-7 days, rather than one-off measure[s], might be more robust and responsive to change. While predictive indices pre-salvage therapy such as the Travis or Ho scores 20 remain useful guides in determining the need for salvage therapy, it is the management after the initial IFX dose that is a more sophisticated, nuanced challenge for clinicians. AUC measurement enables the integration of both disease burden at baseline and early response to IFX, thus informing decision-making on further IFX dosing and/or prediction of future colectomy risk with high sensitivities, superior to Travis and Ho scores pre-IFX for instance, as we have shown. Although AUC assessment has been applied previously, for instance by Brandse et al. and Papamichael et al., [24] [25] [26] this was not directed at early predictive assessment but rather looked at serum or faecal IFX AUC concentrations after 2, 6 or 14 weeks. Yet from a clinical perspective, such time points are unhelpful given that they preclude earlier intervention such as accelerated IFX dosing. In addition, the studies above included patients with moderate-to-severe colitis, but only a small proportion required hospitalization; hence, by definition, few had ASUC. 24 While calculation of AUC might complicate bedside arithmetic, this type of modelling could easily be derived from an online calculator or via a smartphone application. Another advantage is that AUC calculations do not require strict, daily testing to achieve reasonable accuracy, and thus alternative daily biomarker measurements may be sufficient, reducing cost and inconvenience.
Fourthly, we found that AUC concentrations of serum IFX levels were lower, not higher, over Days 4-7 post-first IFX dose, both in early remitters and in those avoiding future colectomy. This is in contrast again to the findings of Brandse et al., but the current cohort was greater in number and more strictly characterized with all meeting standard criteria for ASUC. 24 This finding appears counterintuitive and an underlying mechanistic explanation is certainly beyond the scope of this observational study. Yet we speculate that lower serum IFX levels could relate to either more efficient binding and/or utilization of IFX at inflamed target sites resulting in greater likelihood of remission compared to non-remitters in whom, for reasons unknown, optimal efficacy is not achieved. This finding requires replication and evaluation in future studies, given it could imply two opposing scenarios: first, that the higher serum drug levels in early IFX non-responders might reflect a state of 'IFX refractoriness' [as also depicted in the clustering of cases, along with other negative prognostic cofactors, in Figures 2 and 3 ] where more drug is required to overcome this and/ or early colectomy is perhaps advisable. Conversely, those with lower AUC post-first IFX may not require further doses; for instance, three patients in this cohort only received one dose of IFX rescue therapy yet all three achieved clinical remission at 3 months and had avoided colectomy through to the end of follow-up. Brandse et al., 25 there was no correlation between serum IFX levels and faecal IFX levels. Thus, faecal loss of IFX does not appear to be a strong cofactor in the apparent IFX refractoriness demonstrated in a subset of this study. Nevertheless, it appears an independent predictor of poor prognosis post-IFX, even when accounting for other potential confounders such as FC concentration, given the findings of the multivariate analysis [ Table 2 ].
This study has significant limitations. Its small sample size and observational design limit the ability to attribute causality or to further delineate mechanisms. In this real-world scenario, IFX delivery was not protocol-driven, extra doses were given according to the discretion of the clinician and endoscopic remission [post-IFX] was not assessed in this study. However, the study has multiple strengths such as its prospective design, the unselected nature of inclusion of patients fulfilling strict criteria of ASUC and the complete followup for at least 12 months to assess colectomy rates. Therefore, the findings are potentially more applicable to patients with ASUC elsewhere compared with previous studies in this genre. Also, all had endoscopic assessment pre-IFX confirming moderate-to-severe activity and excluding confounders such as CMV colitis. Furthermore, the serial, high-volume testing of relevant biomarkers ensured a comprehensive assessment of potential predictors of remission and/ or colectomy post-IFX.
In conclusion, this prospective pilot 'real world' study has suggested that early and serial measurements of FC, serum and faecal IFX and partial Mayo scores are more useful in predicting outcomes than the traditional inflammatory markers, CRP and/or albumin, and other published risk indices. It has also provided strong evidence that an AUC-based representation of each biomarker provides greater predictive value than one-off measures for short-and long-term outcomes after the first dose of IFX rescue for ASUC following steroid failure. Faecal loss of drug on Day 1 post-IFX was an independent predictor of poor prognosis, aligning with the notion that intestinal inflammatory burden is the key, objective determinant that should guide treatment and inform prognosis. We also showed, somewhat counterintuitively, that AUC of serum IFX levels post-first dose tended to be lower in patients achieving early remission at 6 weeks compared to non-remitters. We propose that further prospective, larger-scale evaluation of these findings post-IFX in ASUC will aid clinicians in delivering optimal care in a more objective, cost-effective and prognosis-based manner, and will also aid provide further understanding of the unique interplay of inflammatory burden, anti-tumour necrosis factor pharmacokinetics and response in ASUC.
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